Oxidation of low-density lipoprotein (LDL) may be important in the pathogenesis of atherosclerosis. We describe a method which measures the oxidation resistance of LDL isolated by a rapid procedure without added antioxidants. LDL was isolated from heparinized plasma by density gradient ultracentrifugation and desalted by gel filtration. The protein concentration was standardized to 50 mg/L and oxidation was promoted by copper (2 flmollL) at 37°C. The total sample preparation time was 2·5 h. Conjugated diene production was monitored at X= 234 nm with computation of the lag time. LDL oxidation was inhibited by EDT A but not heparin. Albumin inhibited LDL oxidation but only in concentrations greater than 50 mg/L. LDL was stable in frozen plasma (-70°C) for 10 weeks, but unstable in the isolated and desalted state. The lag time for LDL from patients treated with the antioxidant probucol was markedly prolonged compared to normal subjects.
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The 'oxidized low-density lipoprotein (LDL) hypothesis' proposes that oxidation of LDL is a critical step in atherosclerosis.t-' Investigation of this hypothesis is hampered by lack of suitable techniques for studying LDL oxidation in a clinical setting. One approach is to isolate LDL from peripheral blood and measure its susceptibility to oxidation in vitro. In 1989, Esterbauer! reported a method for oxidation of isolated LDL by copper ions with assessment of lipid peroxidation by continuous spectrophotometric monitoring of conjugated dienes. However, this method used lengthy LDL isolation procedures (several days) and antioxidants ethylene diamine tetra-acetic acid (EDT A) and butylated hydroxytoluene (BHT) were added to prevent oxidation occurring during the process of LDL preparation. Several modifications of this technique have been reported.v' but these still involve lengthy LDL isolation times (> 18 h) and use added EDTA as an antioxidant during the isolation procedure. We describe and validate a method in which LDL is isolated very rapidly without added antioxidants, thereby avoiding some of the drawbacks of previouslypublished methods.
METHODS

LDL ultracentrifugation
The procedure was adapted from Chung" and Stocker. 7 Blood was taken into tubes containing lithium heparin (50 kU/L; Leo Laboratories, Buckinghamshire, UK) on ice. Plasma was separated by centrifugation at 2000 rpm for 10 min at 4°C. LDL was isolated by a density gradient method using a Beckman TLlOO ultracentrifuge (Beckman Instruments, Glenrothes, UK), with a fixed angle rotor (100' 3) and 'Quickseal' 3 mL polyallomer tubes. Plasma (0' 9 mL) was added to a centrifuge tube containing potassium bromide (0,4451 g; Sigma Chemicals, Poole, UK), using a polythene tube attached to a pipette tip, and gently mixed until the salt dissolved thereby adjusting the density of plasma to 1· 30 kg/L. This was then overlaid with 2·1 mL of 0·15 mol/L NaCI (density = HX)6 kg/L) and centrifuged at 100 000 rpm for 60 min at 4°C. This creates a density gradient such that LDL forms a discrete 
Removal of albumin
Albumin and salt were removed from LDL by gel filtration at 4°C using a 20 x l em column (CIO-20) packed with Sephacryl300 HR (Pharmacia Ltd, Milton Keynes, UK) with a flow rate of O'35 mL/min. Fractions were collected at 1 min intervals and analysed for cholesterol by an enzymatic method, albumin by radial immunodiffusion and potassium using an ion specific electrode. The effect of added albumin was investigated using fatty acid free human albumin (Sigma Chemicals, Poole, UK) dissolved in PBS, added to albumin free LDL prepared using Sephacryl 300 as above.
LDL oxidation
The protein content of desalted LDL was immediately estimated by a rapid Coomassie Blue method (Biorad Ltd, Hemel Hempstead, UK) and LDL preparations were diluted to a protein content of 50 mg/L in the spectrophotometer cuvette with further PBS. LDL prepared from one PD-IO desalting column provides sufficient LDL for at least four cuvettes. Oxidation was promoted by the addition of copper chloride (50 ILL of 40 ILmol/L stock Analar grade CuCI 2 ) to give a final concentraton of 2 ILmol/L. The cuvettes were placed in an automatic six cell changer which was accurately thermostatted to 37°C. Absorbance readings at 234 nm were taken every 2 min by a Hitachi U2000 spectrophotometer controlled by an IBM compatible personal computer installed with Hitachi enzyme kinetics software. The output from the spectrophotometer was converted into ASCII file format and imported into the spreadsheet program EXCEL (Microsoft Corporation, Redmond, WA, USA).
The following parameters were computed automatically by a macro specially written for the spreadsheet program: The key aspect of this analysis is the fitting of a straight line to the propagation phase slope, which is then extrapolated back to calculate the lag time. The point of maximum slope was identified by repeated computation of the average slope for a window of 11 consecutive data points moving along one point at a time. This moving average technique evens out deviations due to random noise in the spectrophotometer readings. Full details of the programming steps for this macro are available on request from the authors.
In order to achieve good reproducibility of results it was important to clean the spectrophotometer cuvettes thoroughly between assays using the following procedure: (i) wash with deionized water (XIO); (ii) sonicate in non-ionic detergent 'Decon-90' (40/0) upright and inverted for 5 min each; (iii) rinse in distilled water (XIO); (iv) soak for 1 h in HCI (0' 5 mol/L); (v) rinse in distilled water (X 10); (vi) sonicate in distilled deionized water; (vii) rinse with distilled deionized water (X3).
Experiments on LDL stability
The stability of LDL was investigated by introducing a delay in the processing of LDL at different stages in the isolation procedure. LDL processed as rapidly as possible was compared with LDL which had been delayed for an additional 175 min at 4°C as: (a) LDL isolated from the ultracentrifuge but not further purified; (b) LDL desalted using Sephadex G25; and (c) LDL subjected to gel filtration using Sephacryl 300 to remove both albumin and salt.
The stability of desalted LDL from another five individuals was further investigated at shorter time periods (see Table 2 ).
Thiobarbituric acid reacting substances (TBARS) TBARS were measured according to the method of Young and Trimble.f This method involves isolation of the malondialdehyde-thiobarbituric acid adduct by HPLC which results in improved sensitivity and specificity for the assay. Aliquots (0'1 mL) were taken from the partially oxidized LDL preparation in the spectrophotometer cuvette and treated with EDTA (final concentration = O'02 mmol/L) and BHT (final concentration = 0·02 mmol/L), then cooled to 4°C to inhibit further oxidation. The reaction was performed by adding 0·051d-LDL preparation to 0·95 mL thiobarbituric acid (0,1 Min O'3 M phosphoric acid) for 1 h at 100°C. The samples were neutralized and protein was precipitated immediately before injection into the column by mixing 200 pL of reaction mixture with 335 pL methanol (HPLC grade) and 65 pL 0·1 M NaDH.
Lipid peroxides by iodometric assay The iodometric assay for lipid peroxidation LDL was that described by El-Saadani.? This method is based on the oxidation of iodide to a tri-iodide complex using the colour reagent from a commercially available kit for the determination of cholesterol (CHD-iodide, Merck, Darmstadt,
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Germany). LDL samples taken during the course of lipid peroxidation were treated with EDTA and BHT as above to inhibit further peroxidation before estimation of lipid peroxides.
Subjects
Normal volunteers were recruited from healthy laboratory staff with no known history of hyperlipidaemia, though serum cholesterol was not measured. Probucol treated patients (n = 6) were recruited from those attending the hospital lipid clinic, who had been taking probucol for at least 6 months. Their mean serum cholesterol was 6·Ommol/L.
RESULTS
Ultracentrifugation
Ultracentrifugation using the density gradient method produced a well defined LDL band after 1 h, which could easily be aspirated through the side wall of the centrifuge tube. This LDL preparation was free of VLDL and HDL on agarose gel electrophoresis ( Fig. 2 ) and also did not contain any detectable apolipoprotein AI by immunonephelometry.
LDL oxidation
The results of a typical oxidation experiment on LDL from a normal subject are shown in Fig. I Stability of LDL Table 2 shows the effects of delays in the processing of isolated LDL. This shows that LDL isolated directly from the ultracentrifuge is relatively stable for 175 min at 4°C. In contrast isolated LDL which had been desalted (Sephadex G25) or desalted and purified of albumin (Sephacryl 300) was oxidized much more easily when processing was delayed. Examination of the stability of desalted LDL with shorter delays shows that it is stable for at least 60 min (Table 3) . Table I shows the effect of albumin on the resistance of LDL to oxidation. This demonstrates that albumin increases the resistance of LDL to copper-induced oxidation, but this effect was only significant at albumin concentrations exceeding 50 mg/L. The effect was confirmed by the observation that LDL prepared by desalting alone (albumin = II mg/L) had an oxidation lag time which was not significantly different from LDL which was purified completely of albumin using Sephacryl 300. The desalting method was adopted for routine preparation of LDL. Effect of albumin on LDL oxidation LDL isolated from the ultracentrifuge tube contains potassium bromide (KBr) and some albumin. The albumin contamination is equivalent to a final concentration of II mg/L in the oxidation cuvette. Both KBr and albumin can be removed by molecular size exclusion chromatography using a 20 cm column containing Sephacryl 300 at 4°C (Fig. 3) . The simpler and more rapid desalting procedure using prepacked Sephadex G25 columns separates LDL from KBr but not albumin.
A234 nm initially increases slowly (lag phase) followed by a rapid increase (propagation phase) to a peak. There is a late secondary increase in absorbance (see Fig. 5 ) which can be attributed to the formation of complex lipid peroxidation products. The lag time to the onset of the propagation phase may be regarded as a measure of the resistance of LDL to oxidation. FIGURE Comparison with other measures of lipid peroxidation A sample of LDL was oxidized in the spectrophotometer at 37°C as described above and aliquots removed at intervals for estimation of lipid peroxides by the iodometric assay and Effect of anticoagulants LDL fractions isolated from heparinized plasma (50 kU/L heparin) and serum were not significantly different in their susceptibility to oxidation (mean lag times (SD): heparin 70·4 (7·5), serum 71 ·2 (10·8) min; n = 10). Heparinized plasma was used routinely for preparation of LDL. Table 4 shows the effect of EDTA on LDL oxidation. LDL isolated from plasma anticoagulated with EDTA (final concentration 1200 /Lmol/L) was markedly resistant to oxidation by copper before desalting. After desalting using Sephadex G25 as described above, which would be expected to remove most EDTA, oxidation was similar to LDL isolated from heparinized plasma. Addition of EDTA to LDL prepared from heparinized plasma shows that EDTA concentrations greater than 1 /Lmol/L have a marked inhibitory effect on copper induced oxidation.
Analysis of LDL from frozen plasma LDL isolated from frozen plasma was compared with fresh plasma for 10 normal subjects. The lag time for freshly isolated LDL did not differ significantly from that of LDL isolated from plasma which had been stored frozen for 4 weeks at -70°C (mean (SD) lag time in min: fresh 68·3 (7·6), frozen 67·2 (7·3); n=10). Five subjects were studied in more detail with aliquots of plasma stored at -70°C and LDL prepared for analysis at intervals up to 12 weeks (Table 5 ). There was no significant change in the susceptibility to oxidation over this period. malondialdehyde (TBARS). These parameters (Fig. 4) show a similar time course to that of conjugated dienes.
(%----;--, '" ,/9"'" Reference values and assay precision The lag times determined on LDL from 20 normal subjects ranged from 57-81 min with a mean of 69·3 min. The within assay coefficient of It has previously been reported that albumin could act as an antioxidant in various oxidizing systems when present in concentrations greater than 100 mg/Li '" The LDL preparation produced by the technique described here contains some albumin (11 mg/L). This can be removed by Sephacryl 300 molecular exclusion chromatography, but this step was found to be unnecessary as concentrations of albumin up to 50 mg/L did not have a significant effect in the assay.
LDL isolated from the ultracentrifuge is relatively stable, but once desalted is prone to spontaneous oxidation if processing is delayed for more than 60 min. A likely explanation for the instability induced by the desalting process is the removal of trace amounts of low molecular weight water-soluble antioxidants such as ascorbate]! or urate? from the 'crude' ultracentrifuge LDL preparation.
EDTA acts as a potent inhibitor of oxidation in this system, probably by chelating copper ions. Previously published methods have used added EDTA to prevent spontaneous oxidation of LDL during the relatively long isolation steps employed.v? Esterbauer! added both EDTA and the lipid soluble antioxidant BHT, with subsequent removal by dialysis. However, it is difficult to ensure that all antioxidant has been removed from the final preparation. The alternative approach is to add a known amount of EDTA and then an excess of copper to overcome the chelating effect of EDTA in the sample.t-' This approach is likely to be critically dependent on any variation in the amount of added EDTA. The method described here avoids this problem by isolating the LDL very rapidly without added antioxidants.
Heparinized plasma was used in preference to EDTA plasma or serum for collection of patient samples. We thought that blood clotting might introduce artefacts due to the delay involved or to release of free radicals during the clotting process, but our data shows no difference between serum and heparinized plasma.
In contrast to the instability of isolated LDL, it was stable in frozen whole plasma for at least 12 weeks, presumably due to the wide range of antioxidant defences which are present in plasma. 12 Princen and colleagues have also reported this finding.! which is convenient for clinical studies as it allows plasma samples to be stored frozen until analysis.
The comparison of conjugated dienes with malondialydehyde (TBARS) and lipid peroxides showed a parallel response in these measures of oxidation, supporting the contention that ;; ..
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<I 0-5 variation (CV) as determined by analysis of duplicates was 7· 9% (n =101pairs). The between assay CV was 8· 20/0 as calculated from repeated analysis of LDL from plasma samples stored frozen at -70°C.
Effect of probncol treatment
The susceptibility to oxidation determined on samples from 6 patients who were receiving probucol therapy showed that the mean (SD)3 lag time in such samples was markedly prolonged at 266 (78) min compared to normal (mean 69 min; SD 7 min) ( Fig. 5 ). 
DISCUSSION
A notable feature of our method is the speed with which LDL is prepared for oxidation, requiring not more than 2· 5 h for a batch of six samples. Previously published methods have required 3 days," 46h 4 or 18h. s The density gradient ultracentrifugation technique using the Beckman TLloo instrument is rapid and effective, though limited to six samples per batch. Gel filtration using pre-packed columns is a faster and more convenient method of desalting LDL than dialysis.' absorption readings taken at 234 nm are indeed monitoring lipid peroxidation. An alternative approach is to measure fluorescence caused by oxidative modification of apolipoprotein B,13 but this was not investigated. The continuous automated monitoring of conjugated dienes is a much more convenient and accurate method of determining the lag time than any of the above methods, which require removal of a small number of aliquots for separate analysis at different time points. The computer analysis of the spectrophotometer time courses and calculation of lag times is a useful practical innovation. The analysis is rapid and objective thereby avoiding errors or bias introduced by manual estimation of the slope of the propagation phase. Thorough cleaning of cuvettes between assays is important to obtain good between-batch precision. The explanation for this observation may be that trace amounts of residual oxidized lipids in the cuvette could accelerate peroxidation by 'seeding' the reaction.'! The lipid lowering drug probucol is known to be an antioxidant for LDL. 15, 16 The ability of this method to demonstrate a clear antioxidant effect in patients treated with probucol demonstrates that this method is likely to be of value in the evaluation of antioxidants in a clinical setting.
CONCLUSION
We describe a rapid method for measuring the susceptibility of LDL to oxidation, which avoids the use of added antioxidants during LDL preparation. This method may be of value for the investigation of the role of oxidized LDL in atherosclerosis and is particularly suited to clinical studies for investigation of the effect of lipid soluble antioxidants on LDL oxidation.
